G laucomatous optic neuropathy (GON) usually presents with characteristic visual field (VF) defects caused by a progressive degeneration of the retinal ganglion cells (RGCs) and their axons. Because VF defects are the most important signs of GON, examinations of the VF by standard automated perimetry (SAP), especially using the Swedish Interactive Threshold Algorithm (SITA), 1,2 are the current gold standard for both the diagnosis and management of GON. However, SAP examines many stimulus points; for example, the Humphrey Visual Field Analyzer (HFA; Carl Zeiss Meditec, Dublin, CA, USA) can test a maximum 77 points (76 points in Fig. 1A and 1 point corresponding with the fovea). Short-and long-term fluctuations of the threshold values at each test point are often detected, which hinders an accurate diagnosis by clinicians. [3] [4] [5] Global indices such as the mean deviation (MD) or pattern standard deviation (PSD) values enable a panoramic look at the SAP results, but focal VF changes can be overlooked. To overcome these problems, many earlier investigators proposed grouping the VF test points into clusters. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] By averaging the threshold values within each cluster, clinicians were able to obtain indices that were more sensitive to focal VF changes than global indices and were less affected by fluctuating thresholds of each test point. 10, 23 More recently, the VF test points were clustered to determine the correlations between visual function and retinal structure in glaucomatous eyes. [14] [15] [16] [17] [18] Spectral domain optical coherence tomography (SD-OCT) has allowed clinicians to make quantitative evaluations of the retinal nerve fiber layer (RNFL) thickness in a 3608 circumpapillary scan, known as the circumpapillary RNFL thickness (cpRNFLT). The cpRNFLT has been used to evaluate the morphologic changes in glaucomatous eyes. 24 To evaluate the relationship between the VFs and the cpRNFLTs, several function-structure maps have been proposed. In these maps, a clustering of VF test points was performed. [14] [15] [16] [17] [18] To cluster the VF test points, many investigators used factor analysis or cluster analysis. 10, 11, 13, 15, [19] [20] [21] [22] [23] Most of the factor analysis or cluster analysis studies used either the 30-2 or the 24-2 (Figs. 1A, 1B, respectively) or the 10-2 (Fig. 1C ) VF test programs. Factor analyses were performed based on the iovs.arvojournals.org j ISSN: 1552-5783 FIGURE 1. Visual field test grids and sectorization of circumpapillary SD-OCT scans of the right eye. The VF tests were performed with the HFA (Carl Zeiss Meditec), and the SD-OCT examinations were performed with the Spectralis OCT (Heidelberg Engineering). Left eye data were converted into right eye format for the analyses. (A) The HFA can test a maximum of 77 points (shown 76 points and 1 point corresponding with the fovea). We excluded the test point corresponding with the fovea from the analyses. (B) The 24-2 program examines 52 test points. (C) The 10-2 program tests 68 points. (D) The 24-2 and 10-2 VFs were combined as a single 24-2/10-2 VFs with 116 test points. Among the test points, the coordinates of the four parafoveal points in the 24-2 VFs overlapped the test points of 10-2 VFs. For these four overlapping points, the 10-2 VFs values were used to intercorrelations of the variables 25 ; thus, the results using a combined 24-2 and 10-2 VFs would have more information than the results using either the 24-2 VF or the 10-2 VF.
The purpose of this study was to group the 116 test points of the combined SITA-standard 24-2 and 10-2 VF test grids into a smaller number of VF clusters based on the latent factors found by explanatory factor analysis (EFA) to test the hypothesis that this method will demonstrate a detailed continuity of the 24-2 and 10-2 VF grids and finer distributions of the VF clusters for clinicians. We also performed EFA to group 24 sectors of the cpRNFLT to construct a smaller number of cpRNFL clusters. We then determined the correlations between the VF clusters and the cpRNFL clusters to test the hypothesis that these methods would optimize and strengthen the structure-function relationships.
METHODS
The procedures used in this retrospective, cross-sectional, cohort study adhered to the tenets of the Declaration of Helsinki and were approved by the Institutional Review Board and Ethics Committee of Kyoto University Graduate School of Medicine.
Subjects
We reviewed the medical records of individuals who were seen by the Glaucoma Service at the Kyoto University Hospital between January 2012 and December 2014. The inclusion criteria were presence of both reliable 24-2 and 10-2 VF test (24-2 and 10-2 VFs) results obtained by SAP (HFA; Carl Zeiss Meditec). In addition, all of the eyes had undergone confocal scanning laser ophthalmoscopy (cSLO) and had SD-OCT examinations with the Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, Germany) within a 3-month period. The axial lengths were measured by partial coherence interferometry (IOL Master; Carl Zeiss Meditec), and the axial length of all of the studied eyes was <27.0 mm. Eyes were excluded if a peripheral anterior synechia or appositional closure of the angle was detected by gonioscopy; if a prior or ongoing uveitis was present; corneal opacities, dense cataracts, or vitreous opacities were present; other ocular diseases such as retinal vein occlusion were present; and prior vitreoretinal or refractive surgery except for cataract surgery had been performed. In the end, a total of 254 eyes of 166 Japanese subjects were studied.
Visual Field Tests With Humphrey 24-2 and 10-2 Programs
Visual field tests were performed by standard automated perimetry (HFA; Carl Zeiss Meditec). The 24-2 and 10-2 VFs tests were performed under the same conditions (i.e., standard strategy with background illumination of 31.5 apostilb, stimulus size Goldmann III, stimulus color white, and SITA). 1, 2 The VF results were considered reliable if they had a falsepositive error rate of <33%, a false-negative error rate of <33%, and a fixation loss of <20%.
The 24-2 and 10-2 programs can obtain the threshold sensitivity, total deviation (TD), and pattern deviation (PD) values of 52 and 68 test points, respectively (Figs. 1B, 1C, respectively). There was a slight difference in the normative data between the SITA Standard 24-2 and the 10-2 that could have resulted in a slight difference of the TD and PD values despite the same threshold value in 24-2 and 10-2. Therefore, the threshold sensitivity values of each test point were used to combine the 24-2 and 10-2 test results. We excluded the threshold sensitivity value of the fovea from the analyses.
For the statistical analyses, the threshold sensitivity values on a decibel scale were converted to 1/Lambert (1/L) scale using the following formula 26 : dB ¼ 10 3 log 10 ð1=LÞ:
For the factor analyses, the 24-2 and 10-2 VFs were combined into a single 24-2/10-2 VF (Figs. 1B-D). Among the test points, the coordinates of four of the parafoveal points in the 24-2 VFs overlapped the test points of 10-2 VFs. For the overlapped four test points, the 10-2 VFs values were used to make the combined VFs. We excluded the test point corresponding with the fovea. Thus, the combined 24-2/10-2 VFs had 116 test points (52 þ 68 À 4 ¼ 116; Fig. 1D ).
Circumpapillary RNFLT Evaluation Using Spectralis OCT
The studied eyes had undergone simultaneous cSLO and SD-OCT examinations using the Spectralis SD-OCT (Heidelberg Engineering) within 3 months of the VF tests.
For the cpRNFLT evaluations, a 128-diameter-circle B-scan centered on the optic nerve head (ONH; circumpapillary scan) was obtained. Using the licensed software of ''RNFL Export'' (Heidelberg Engineering), 768 values of the RNFLT along the 3608 OCT circle scan were obtained. The reference axis of 08 to create the 24-sector cpRNFLT data was set as a line that passed through the center of the fovea and the center of the SD-OCT circumpapillary scan (i.e., the fovea-ONH center axis; Fig. 1E ). The angle between the fovea-ONH axis and the horizontal axis on the cSLO image was measured using the built-in software.
For the factor analyses, the 768 cpRNFLT values were combined into the same 158-wide 24 sectors (Fig. 1F ). The data of the left eye were converted into the right eye format.
Statistical Analyses
Explanatory factor analyses were performed to determine the latent factors of the 116 VF test points that could be grouped into a smaller number of clusters that fit the glaucomatous VF defect pattern of the combined 24-2/10-2 VF results. The EFA was based on the intercorrelation matrices for the threshold sensitivity (in 1/L scale) of the combined 116 VF test points. To check the sampling adequacy for the EFA, Kaiser-Meyer-Olkin's index (KMO, index for overall variables) and measurements of the sampling adequacy index for each individual variable (MSAi) were calculated. 27 The EFA was also performed in the same way using only the 52 test points of the 24-2 VF to compare the results.
The EFA was performed using the minimum residual technique with promax rotation because the variables did not satisfy the assumption of multivariate normal distribution.
To determine the optimal number of latent factors, we used the Bayesian information criterion (BIC). When comparing BIC make the combined VFs. (E, F) For the cpRNFLT evaluation, a 128-diameter-circle B-scan centered on the ONH (i.e., a circumpapillary scan) was performed. The 768-point cpRNFLT values along the 3608 scan were grouped into 24 sectors of 158 width. The reference axis of 08 to create the 24sector cpRNFLT data was set as the line passing through the center of the fovea and the center of the circumpapillary SD-OCT scan (i.e., the fovea-ONH center axis).
Clustering of 24-2/10-2 Visual Field and cpRNFLT IOVS j June 2016 j Vol. 57 j No. 7 j 3205 values for multiple models, smaller BIC values suggested a better fit model. Explanatory factor analysis was performed in the same way to explore the factors that could group the 24 cpRNFL sectors into smaller number of clusters that fit the pattern of glaucomatous cpRNFL thinning.
To evaluate the function-structure relationship between the VF and the cpRNFLT clusters derived from the EFAs, the correlations between the average sensitivity of each VF cluster and the average RNFLT of each cpRNFLT cluster were evaluated using Pearson's correlation analysis. We developed a function-structure correlation map based on the largest Pearson's correlation coefficients for each cpRNFLT cluster with the VF clusters.
All continuous values are presented as the means 6 SDs. The level of statistical significance was set at P < 0.05. The statistical analyses were performed using software R (https:// cran.r-project.org/index.html). The EFA were performed using R package 'psych'.
RESULTS

Characteristics of Eyes
The demographics of the 254 eyes of 166 subjects studied are shown in Table 1 . The mean 6 SD age of the 166 subjects was 58.9 6 12.5 years. The mean axial length of the 254 eyes was 24.89 6 1.37 mm. Among the 254 eyes, 13 eyes (5.1%) were diagnosed to be normal, 25 eyes (9.8%) as preperimetric primary open-angle glaucoma (POAG), and the other 216 eyes were diagnosed as perimetric POAG. Of the 216 perimetric glaucomatous eyes, 81 eyes (31.9%) had early glaucoma (MD for the 24-2 VF > À6 dB), 52 eyes (20.5%) had moderate glaucoma (À6 dB ‡ MD for the 24-2 VF ‡ À12 dB), and the other 83 eyes (32.7%) had advanced glaucoma (MD for the 24-2 VF < À12 dB). The mean degree of the fovea-ONH center axis was À6.988 6 3.858, with a range from À18.48 to þ5.38 and a median of À7. 38 .
The KMO index was 0.957 for the combined 116 VF test points and 0.829 for the 24 cpRNFLT sectors. The KMO and MSAi values ranged from 0.0 to 1.0, and usually a KMO >0.6 was accepted as a satisfactory factor analysis to proceed. Variables with MSAi <0.50 suggested that the item did not belong to the group and should be removed from the factor analysis. 27 All of the variables (i.e., 116 VF test points and 24 cpRNFL sectors) had MSAi values >0.75; thus, all of the variables were used for the EFAs.
Explanatory Factor Analyses in Combined 24-2 and 10-2 VF Test Results
The factor pattern matrix for the combined 116 VF test points is shown in Supplementary Table S1, which was created from the EFA using the minimum residual technique with promax rotation. The scree plot of the eigenvalues from the EFA is shown in Supplementary Figure S1A . The goodness-of-fit evaluation using the BIC values suggested that the optimal number of factors in the EFA for the 116 VF test points was 10. In this model, the accumulated percentage of common variance explained by the 10 common factors was 79.9%. By grouping the 116 VF test points based on the common factor with the largest factor loading, the EFA suggested that the VF test points could be grouped into nine VF clusters. Among them, the clusters based on factor 8 and factor 9 contained two discontinuous VF test points and only one VF test point, respectively ( Fig. 2A) . According to the second largest factor loading, each VF test point was grouped into cluster ''VF-3'' based on factor 3, cluster ''VF-1'' based on factor 1, and cluster ''VF-4'' based on factor 4 for clinical use and the following statistical analyses. Thus, the combined 116 VF test points were grouped into seven VF clusters based on the EFA (Fig.  2C) .
Cluster VF-1 (red colored in Fig. 2C ) included the superior nasal step and the parafoveal scotoma area, cluster VF-2 (blue colored in Fig. 2C ) included the inferior parafoveal scotoma area, cluster VF-3 (light blue colored in Fig. 2C ) included the superior midperipheral scotoma area, cluster VF-6 (green colored in Fig. 2C ) included the inferior nasal step area, and cluster VF-7 (orange colored in Fig. 2C ) included the inferior midperipheral scotoma area. Cluster VF-4 (pink colored in Fig.  2C ) was overlapped in the superior and inferior hemifields and included the cecocentral scotoma area. Cluster VF-5 (yellowgreen colored in Fig. 2C ) included the superior cecocentral scotoma area of 24-2 VF test points.
For the EFA using only the 52 test points of the 24-2 VF, the suggested optimal number of factors was 7, and the accumulated percentage of common variance explained by the seven common factors was 76.3%. The EFA suggested that the 52 test points of the 24-2 VF could be grouped into six VF clusters ( Supplementary Fig. S2A ).
Explanatory Factor Analysis in 24-Sectored cpRNFLT
The factor pattern matrix for the 24 cpRNFLT sectors is shown in Supplementary Table S2 . The scree plot of the eigenvalues CCT, central corneal thickness; PPG, preperimetric glaucoma. * The perimetric glaucoma stage was defined as follows: early, MD > À6 dB; moderate, À6 dB ‡ MD ‡ À12 dB; advanced, MD < À12 dB.
† The angle between the fovea-ONH center axis and the horizontal axis. Clustering maps of VF test points and cpRNFLT sectors using EFA. The pattern matrix of the EFA for the combined 116 VF test points is shown in Supplementary Table S1, and the pattern matrix of the EFA for the 24 cpRNFLT sectors is shown in Supplementary Table S2 . (A) Mapping of the factor numbers with the largest factor loadings of the 116 test points of combined 24-2 and 10-2 VF tests. By grouping the 116 VF test points based on the common factors with the largest factor loading, the EFA suggested that the VF test points could be grouped into nine VF clusters. Among them, clusters based on factor 8 and factor 9 contained two discontinuous VF test points and only one VF test point, respectively (shown in italics). According to the second largest factor loading, each VF test point was grouped into the cluster based on factors 3, 1, and 4, respectively ( Supplementary Table S1 ). Finally, the combined 116 VF test points were grouped into seven VF clusters. (B) The EFA suggested that the 24 cpRNFLT sectors could be grouped into 11 clusters based on the common factor with the largest factor loading. (C, D) Color-coded maps showing the correlations between the VF test clusters and the cpRNFLT clusters. The correlation matrix of the 7 VF clusters and 11 cpRNFLT clusters is shown in Table 2 . The mean degree of fovea-ONH center axis was À6.988 6 3.858. from the EFA is shown in Supplementary Figure S1B . The goodness-of-fit evaluations using the BIC values suggested that the optimal number of factors in the EFA for the 24 sector cpRNFLT was 11. In this model, the accumulated percentage of common variance explained by the 11 common factors was 84.2%. By grouping the 24 cpRNFLT sectors with the largest factor loadings, the EFA indicated that the cpRNFLT sectors could be grouped into 11 clusters (Fig. 2B ).
Correlation Between VF Clusters and cpRNFLT Clusters
Pearson's correlation coefficient between the average sensitivity of the combined 116 VF test points and the average cpRNFLT was better when using the average sensitivity of the 1/L scale (r ¼ 0.743, 95% confidence interval [CI] ¼ 0.683-0.794) than when using the average sensitivity of the decibel scale (r ¼ 0.719, 95% CI ¼ 0.654-0.774). Thus, the correlations between the average sensitivity of each VF cluster in the 1/L scale and the average RNFLT in each cpRNFLT cluster in micrometers were used to evaluate the function-structure relationship between the VF and the cpRNFLT clusters both derived from the EFAs.
Pearson's correlation matrix between the average sensitivities of the 7 VF clusters and the average RNFLT of the11 cpRNFL clusters is shown in Table 2 . Based on the highest correlation coefficients, a new function-structure relationship map was developed (Figs. 2C, 2D) . The correlation coefficients between the corresponding VF and cpRNFLT clusters ranged from 0.304 to 0.794 ( Table 2 ).
DISCUSSION
Our EFA using the 116 test points of the combined 24-2 and 10-2 VFs found seven VF clusters that fit the pattern of glaucomatous VF defects. Another EFA was performed on the 24-sectored cpRNFLT that found cpRNFLT clusters that fit the pattern of glaucomatous cpRNFL thinning. In the studied eyes, the average sensitivity of the combined 116 VF test points in the decibel scale had a curvilinear relationship to the cpRNFLT and had a better fit to the linear relationship after converting to 1/L scale. Thus, the average sensitivity of each VF cluster in the 1/L scale was used to evaluate the function-structure relationship. The EFAs were performed independently, and the average threshold sensitivity in the 1/L scale and cpRNFLT in the corresponding clusters were moderately to highly correlated. These results indicate that the pattern of glaucomatous VF defect and cpRNFLT thinning had common latent factors that might be derived from a developing pattern of glaucomatous optic neuropathy. These findings support the function-structure relationship theory in glaucoma. [28] [29] [30] Based on the correlation between the VF clusters and cpRNFLT clusters both derived from the EFAs independently, we were able to develop a new function-structure relationship map. A few earlier studies showed their function-structure relationship map, and three different methods were used to evaluate the relationship between the SAP VF test grid and cpRNFLT. Garway-Heath et al. 14 and Hood et al. 18 projected the 24-2 or 10-2 VF test grid onto fundus photographs or OCT retinal thickness maps. Kanamori et al. 16 calculated the correlation between the TD values of each 24-2 VF test point and the RNFLT of each cpRNFL sector. These studies used different approaches from that used in this study. Ferreras et al. 15 grouped the 24-2 VF test points using EFA and then evaluated the correlation between each VF cluster and 12sectored cpRNFLT. Fig. 1E ).
Our study also used EFAs, but we combined the 24-2 and 10-2 VF test results and also performed EFA to group 24 sectored cpRNFLTs into 11 cpRNFLT clusters before evaluation of function-structure correlation. Our results indicated higher correlation coefficients than the earlier study, 15 and this suggests that our approach could optimize the strength of function-structure relationships. In addition, our results did not rule out the function-structure correlation in the other clusters where Pearson's coefficients were lower.
We used both the 24-2 and 10-2 VF tests and grouped the combined 116 test points using EFA. In earlier studies, investigators used factor analysis or cluster analysis to group the VF test points. 10, 11, 13, 15, [19] [20] [21] [22] [23] However, most of the studies used either the 30-2/24-2 or the 10-2 VF tests only. Factor analysis is performed based on the intercorrelation of variables; thus, the results using 116 test points of combined 24-2 and 10-2 VFs should have more information than the results using the 52 test points of 24-2 VF or the 68 test points of 10-2 VF only. Indeed, we could identify four clusters that overlapped in the 24-2 and 10-2 VF grids. These detailed continuity and fine distributions of the clusters could not be identified if the EFA was performed using 24-2 VF only ( Supplementary Fig. S2 ). The results showed the relationships between the finer VF clusters and cpRNFLT as a function-structure relationship map. These results showed how clinicians should compare function and structure information when 24-2 and 10-2 VF results are available at the same time.
The VF tests in this study were performed using the SITA. The SITA strategy was developed to be similarly accurate with reducing test time compared with the Full Threshold algorithm. 1, 2 This algorithm has information about the correlations between the threshold sensitivities at different test points and deduces the sensitivity of certain test points from the sensitivity of other test points. Thus, the VF clusters obtained in this study might be attributable to the strategy used (i.e., the SITA standard). The SITA was designed to facilitate work in routine clinical practice and has become the clinical standard for both the diagnosis and management of glaucoma. The results of our study provide clinicians detailed VF clusters and new information about function-structure relationship, but the strategy used needs to be considered in interpreting the findings.
The VF clusters in the superior and inferior hemifields were asymmetrical, and the horizontally asymmetrical cluster VF-4 (pink colored in Fig. 2C ) was between fixation and the optic disc (i.e., the cecocentral area, which consisted of the less vulnerable macular region proposed by Hood et al.) . 31 On the other hand, the position of the cpRNFLT cluster corresponding to the VF-4 cluster (cluster CP-a; pink colored in Fig. 2D ) was slightly different from that of an earlier study. 31 The reason for the difference in the position of the corresponding cpRNFLT cluster might be the difference in the reference axis of the cpRNFLT. The reference of the clockwise degrees in the cpRNFLT sector was set as the horizontal axis of the fundus image in the studies of Hood et al., 31 whereas it was set as the fovea-ONH center axis in this study. The fovea is usually located below the ONH center in fundus images, and the degree varies among individuals. 14, 32 We set the reference line as the fovea-ONH center axis to minimize the influence of the variability, although the effect was not fully determined. [33] [34] [35] [36] The 24-2 VF grid has four test points between (and including) fixation and the optic disc (i.e., test point numbers 34, 35, 44 , and 45 in Fig. 1B) . However, the cecocentral scotoma cluster VF-4 (pink colored in Fig. 2C ) included only two of the four test points in the 24-2 VF (i.e., inferior test points number 44 and 45 in Fig. 1B) . The superior hemifield of the VF-4 cluster could be evaluated using 10-2 VF, but could be overlooked when using only 24-2 VF. Therefore, if the 24-2 VF results show a deep depression in the threshold sensitivities in the inferior cecocentral test points, additional use of 10-2 VFs would be strongly recommended to evaluate a cecocentral scotoma more carefully.
There are several limitations in this study. First, this was a cross-sectional retrospective study includes a selection bias. The studied eyes had undergone the 24-2 VF test, 10-2 VF test, and cpRNFLT evaluation using SD-OCT within a 3-month period. The individuals seen in our Glaucoma Service do not routinely undergo these examinations in this schedule. The studied eyes were suspected of having paracentral or cecocentral scotoma and thus had undergone these examinations within the 3-month period. In results, the mean MD examined with the 10-2 program (À9.54 6 8.86 dB) was equal or worse than that obtained with the 24-2 program (À9.06 6 8.23 dB). Second, the sample size of 254 eyes was small relative to the number of 116 VF test points, and both eyes were included for the analyses in more than one half of the subjects. This method could increase sample size to raise the statistical power, but the common factors between the two eyes could cause inflations of the intercorrelation of the variables. Third, eyes with relatively longer axial length (<27 mm) were also included to increase sample size. Both the SAP sensitivity and cpRNFLT could have been influenced by the high myopia. [37] [38] [39] Finally, this cross-sectional retrospective study could not evaluate the intersession variability of each VF or cpRNFLT cluster values. To overcome these limitations, future prospective studies with larger sample sizes and strict inclusion criteria are needed.
In conclusion, we grouped the 116 test points of the combined 24-2 and 10-2 VF test grid into seven VF clusters based on the latent factors found by EFA. We performed another EFA that resulted in grouping the 24 sectors of circumpapillary SD-OCT scans into 11 cpRNFLT clusters. The average threshold sensitivity and the average cpRNFLT in the corresponding clusters were moderately to highly correlated. Our results indicate that the pattern of glaucomatous VF defect and cpRNFLT thinning had common latent factors that support the function-structure relationship theory in glaucoma.
